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We introduce an array-scalable, magnon-based detector to search for the spin-dependent interactions of

electron-coupled axion dark matter with mass in the 1 — 100 peV range. These axions can excite single

magnons in magnetic targets, such as yttrium iron garnet (YIG) spheres, which are subsequently sensed by

the detector. In our concept, this sensing is implemented by coupling the magnons in the YIG spheres to

magnetic-field-resilient single-electron charge-qubits, whose state is then interrogated with a quantum

nondemolition measurement. Using standard superconducting fabrication techniques, it is possible to

integrate many YIG sphere-qubit sensors, forming a large detector array. We outline the detector design and

operation for our concept, and determine its sensitivity to axion dark matter. We find that using available

technology can already exceed the sensitivity of previous ferromagnetic haloscopes, and further

improvements in performance would search for electron-coupled axion dark matter in unexplored

parameter space.

DOI: 10.1103/d5rj-8h94

I. INTRODUCTION

An abundance of astrophysical and cosmological evi-
dence points to the existence of dark matter (DM) [1]. One
compelling class of DM candidates are light bosons, with
mass less than an eV [2,3]. The most theoretically moti-
vated light boson is the QCD axion, a pseudo-Nambu-
Goldstone boson generated from the breaking of an axial
U(1)pq Peccei-Quinn symmetry, since it can alleviate the
strong CP problem [4-7]. More broadly, light bosons
appear in string theory from compactified dimensions
[8-10] or from breaking of a high-scale global U(1)
symmetry [11]. They do not have to solve the strong
CP problem, and can have a variety of couplings with the
Standard Model. Such pseudoscalars are sometimes
referred to as “axionlike” particles; we refer to them here
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as just “axions” for simplicity. Axions can be produced in
the early Universe in a variety of ways, e.g., the misalign-
ment mechanism [12-16], kinetic misalignment [17,18],
and decays of cosmic strings [19-30].

The low-energy phenomenology of axions depends on
the high-energy theory. The most well-studied of these
interactions is the axions coupling to a field strength tensor
and its dual, e.g., LD —gawaF””FW/él where g,,, is the
axion-photon coupling, a is the axion, and F* is the
electromagnetic field strength tensor. This electromagnetic
interaction causes an axion in an external magnetic field to
convert to an electric field [31], and is the operating
principle of the many ongoing cavity haloscope experi-
ments; for a recent review see Ref. [3]. Additionally, axions
can couple derivatively to fermionic axial currents [32], for
example,

LD g (0,0) 077w, (1)

where g,, is the dimensionful axion-electron coupling, and
w is the electron. While one generically expects that g,
and g,, are of the same order, there are axion models where
Jae 18 parametrically larger. For example, if g,,, is zero at
high energies the Lagrangian has an enhanced shift
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symmetry and therefore, in the massless axion limit, g,,,, is
not generated when running the coupling to low energies.
These “photophobic” axions [33] only couple via Eq. (1),
cannot be detected with traditional cavity haloscope experi-
ments, and highlight the need for new experimental
paradigms.

Currently, the most stringent bounds on g,, come from
measurements of stellar cooling [34-36], and XENONnT
searches for axions emitted from the Sun [37]. Searching
beyond these, into the well-motivated parts of QCD axion
parameter space for 1 peV <m, <1 eV, requires dedi-
cated direct detection experiments. Magnons, collective
electronic spin excitations, are a particularly promising
avenue [38—41] since they can resonate with, or absorb,
axions in the mass range of interest. In the simplest
magnetic targets, axions are dominantly absorbed into
the Kittel mode, whose energy is equal to the Larmor
frequency, @w; = 2upBy ~ 120 peV(By/1 T), where pp is
the Bohr magneton, and By, is a tunable external magnetic
field. This is the operating principle underlying the QUest
for AXions (QUAX) experiment [42-44], which reads out
the magnons via coupling to a cavity, and has placed limits
on g,, for axions in the 42.4 peV <m, <43.1 peV range.
However, these limits are still 2 orders of magnitude away
from the stellar cooling bounds, and the QUAX readout
scheme is currently limited by the “quantum noise”
associated with linear signal amplification. Therefore it
is imperative to find alternate readout strategies which can
go beyond this “standard quantum limit (SQL).”

Recent work [39-41] has shown that a detector utilizing
single magnon detection can be orders of magnitude more
sensitive to electron-coupled axions. The sensing of indi-
vidual magnons was recently demonstrated by placing a
single-crystal yttrium iron garnet (YIG) sphere and a
superconducting transmon qubit into a three-dimensional
microwave cavity [45-47] and using the superconducting
qubit to carry out high-speed quantum nondemolition
measurements of the magnon system. Reference [48]
analyzed these data to set a limit on ¢,,, and while the
exposure of this experiment was too small to yield a
competitive axion DM limit, it demonstrated the viability
of single magnon detection to search for axion DM.

In this paper we present the novel experimental concept
of array-scalable single magnon quantum sensors (Fig. 1)
to search for electron-coupled axion DM. The sensing
element combines the recently developed electron-on-
solid-neon (eNe) qubit [49,50] with a superconducting
coplanar hybrid magnonic circuit [51,52] to form a chip-
embedded magnon-qubit entangled system. The magnetic
field tolerance of the eNe qubit, a feature not shared by
typical superconducting transmon qubits [53], allows for
highly compact integration of the quantum magnon sensor
into large, wafer-scale arrays. We find that by using current
quantum magnonics technology, a detector array with
sensitivity beyond previous ferromagnetic haloscopes can
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FIG. 1. Schematic of a wafer-integrated YIG-qubit detector
array. Each detector tile consists of a coplanar superconducting
resonator (blue ring antenna) which couples inductively to a
single-crystal YIG sphere (yellow) on one end, and capacitively
to an eNe charge qubit (red) on the other. The rectangular
electrodes next to the qubit are gate electrodes that control the
qubit frequency.

be built and presents a platform where improvements
would enable searching for axion DM in unexplored
parameter space. In the remainder of this paper, we follow
similar discussions of novel axion DM experiments (e.g.,
Ref. [54]) and discuss the expected signal, the sensing
concept, estimated sensor performance, and estimate the
scientific reach. In our discussion, we consider both a
conservative configuration associated with demonstrated
techniques, and an optimistic configuration where we make
reasonable extrapolations of performance. We conclude
with a discussion of key challenges illuminated by our
analysis and how ongoing developments in quantum
sensing have potential to directly improve the scientific
reach of our concept. Throughout we work in natural units
where i=c=1.

II. AXION SIGNAL

Before detailing the specific experimental design, we
provide a brief overview of the axion-induced signal, which
has been explored in depth in Refs. [32,39,40,55]. In the
nonrelativistic limit the axion-electron interaction in Eq. (1)
gives rise to two dominant effects: an “axion wind” which
torques spins, and an “axioelectric” force [32]. While both
the axion wind and axioelectric force interact with the
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electron spin, magnon excitations in the 1 peV < w,, <
1 meV frequency range are dominantly produced by the
axion wind. In the continuum limit, the axion-electron spin
interaction Hamiltonian density is 6H = 2g,,Va - s, where
s(x) is the target electron spin density. When the axion
mass, m,, is kinematically matched to w,, absorption can
occur, where an axion converts to a magnon excitation.
This corresponds to axion masses well into the “wavelike”
DM limit, where the axion may be treated as a classical
field, a(x,t)~agcos(myt—p,-x), p,=mia}/2~
04 GeV/ cm® is the local axion DM density [56,57],
P. ~ m,v, is the axion momentum, and v, ~ 107 is the
local axion velocity [56,58]; these quantities are collec-
tively informed by particle-astrophysical models [1].
Furthermore, the gradient of the axion field may be
taken to be homogeneous since its wavelength, A,=
2z/(m,v,)~1m(meV/m,), is much larger than our exper-
imental apparatus. Therefore the axion-electron interaction
Hamiltonian is simply &H =~ 2m,ayg,, cos (m,t)v, - S,
where S is the total spin of the target, summed over all
individual spins, which is quantized in terms of the magnon
degrees of freedom [59]. This interaction Hamiltonian
clarifies why its effects are referred to as the axion wind;
the interaction depends on the local axion velocity, which
appears as a wind due to the Earth’s motion through the
Galaxy [60].

This interaction Hamiltonian dominantly causes transi-
tions between the ground state and a single Kittel mode
magnon state. The absorption rate per target mass into the
Kittel mode can be calculated with Fermi’s Golden Rule.
We will quote the result here, and note that detailed
derivations can be found in Refs. [32,39,40,55], as follows:

4muwmym

(mg - a)rzn)z + (maym)z ’

p .
R~ g2, p—“nsvﬁ sin® @
T

(2)

where py is the target mass density, n, is the target spin
density, cos @ = Z - ¥,, where Z is defined to be parallel to
the magnetization, and the Lorentzian appears from broad-
ening the 6 function in Fermi’s Golden Rule with a magnon
linewidth y,,. On resonance, m, = w,,, this rate is given
parametrically as

1 2/1 MH
Ries ~ _logae 1 - ’ (3)
mg - yr \10™" GeV Ym/27

where we average over the incoming axion velocity
direction (sin’@ — (sin?@) =2/3), and assume YIG
material parameters: n, ~2 x 10*2/cm’, p; ~ 5.1 g/cm’.
The magnon linewidth, y,,, has been measured to be a
frequency-independent value of y,, /27 = 1 MHz at 10 mK
temperatures [61], which holds up to 40 GHz where the
Gilbert damping linewidth broadening starts to dominate
[62]. The total rate of magnon excitation for a detector of
mass myjg 18 I' = R X myyg.

III. DETECTOR DESIGN AND OPERATION

The detector concept (see Fig. 1) consists of an array of
many individual sensing elements (tiles), integrated onto
wafers, and housed within a commercial dilution refriger-
ator operating at a temperature of 7 = 10 mK and sub-
jected to a tunable external magnetic field of strength B,,.
Each tile features a coplanar superconducting resonator
(CSR) with frequency w,, which is inductively coupled to
the Kittel mode of a single-crystal YIG sphere at its H-field
maximum, and capacitively coupled to an eNe qubit at its
E-field maximum. The spherical YIG geometry is assumed
because of prior experimental validation [44,51]; there may
exist more optimal geometries. The magnon frequency is
determined by By, and the eNe charge qubit frequency, @y,
is determined by the gating electrodes. Varying both of
these external controls allows the sensor to be tuned to
different frequencies.

The size of the YIG sphere is crucial for determining the
sensitivity of the detector. Large YIG masses are obviously
preferred, and, in principle, it is possible to incorporate
large YIG masses with complex resonator designs, where
the size of the YIG mass is limited by the efficiency of the
resonator-YIG coupling. However, these techniques
and their limitations have not been well developed. So,
for our conservative configuration, we take dy;g = 1 mm
(myig = 2.7 mg), since this size has been used in the
demonstrated single magnon quantum sensing [46,47], and
can be also easily embedded in a coplanar superconducting
circuit [51]. For our optimistic configuration, we assume
dvyig = 10 mm (myig = 2.7 g), as this has a linear dimen-
sion that is a fraction of the resonator wavelength at several
GHz. An example of such a YIG-sphere-resonator coupling
schematic is shown and discussed in the Appendixes.
Additionally, we expect an in-situ @, tunability of
Awy/27x =1 GHz, which can be controlled by the qubit
gate electrodes as shown in Fig. 1 [63,64].

To count the magnons generated in each YIG sphere we
dispersively couple the magnon to the qubit via the CSR.
The effective magnon-qubit interaction Hamiltonian is [65]

N

Hym = (0 + 2qemb'b)ata, (4)

where a' (&) is the qubit creation (annihilation) operator,
b" (b) is the magnon creation (annihilation) operator and
Xqm 18 the dispersive qubit frequency shift. From Eq. (4),
we see that the magnon number-shifted qubit frequency,

wé’ , depends on the magnon occupation number,

Ny = (b'D), as @) = @, + 2¢q.mNm- Detecting this qubit
dispersive shift, and thus the presence/absence of a single
magnon, is achieved through the following three-step
quantum nondemolition measurement protocol [45]:
(1) Step 1. Conditional qubit excitation: apply a micro-
wave Rabi pulse at w, through the gate line and
excite the qubit conditionally when N, =0 (no
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excitation in the presence of one or more mag-
nons, N, > 0).

(i1) Step 2. Qubit readout: apply a microwave pulse at m,
through the readout line and measure the CSR’s
dispersive frequency shift to access the qubit state.

(iii) Step 3. Qubit reset: apply a qubit gate pulse through
the gate line that resets the qubit state to its
ground state.

This protocol has been successfully demonstrated in
magnon quantum sensing with a three-dimensional cavity
and a transmon qubit [45].

The total detector cycle time Az for the above protocol is
also an important factor in detector sensitivity. Ideally, the
entire protocol would be performed once every magnon
lifetime, 7, = 1/y,, = 160 ns, allowing the detector to
sense any generated magnon. In practice, Steps 1-3
will each take time, z; for i = 1, 2, 3, respectively. For
Step 1, the minimal duration of the Rabi pulse is set
by the bandwidth of the dispersive qubit-magnon frequency
shift yqn,. Targeting a yqmn/27 =35 MHz, for sca-
lability reasons that will be explained below, yields
71 = 27/2)qm = 100 ns. Steps 2 and 3 can potentially
be conducted within 100 ns, which we take as 7, and 73,
using a quantum-limit parametric amplifier for qubit read-
out (Step 2) [66—68], and an active pulse reset protocol for
qubit reset (Step 3) [69,70]. Therefore the total time for
each measurement is Az = 7| + 7, + 73 = 300 ns.

Another important factor in determining the detector
sensitivity is the dark count probability, which is primarily
due to the errors of qubit operations. eNe qubits have a
demonstrated single-shot fidelity of 98.1% [50], corre-
sponding to a dark count probability of pg. = 1.9 x 1072,
which we assume for the conservative configuration. This
value is limited by the fidelity of Step 2. For the optimistic
configuration, we use the eNe qubit gate fidelity from Steps
1 and 3 (measured to be a much higher 99.97% [50]) as a
lower limit, which gives a value of pg. = 3 x 107,

Lastly, we discuss the ability to multiplex many indi-
vidual sensing tiles, which is a unique advantage of our
detector concept since we do not rely on a three-dimen-
sional cavity. Figure 1 shows a planar schematic where we
couple multiple detectors to a single coplanar waveguide
(CPW) feedline for multiplexing readout. The multiplexing
bandwidth is the maximal range of frequency detuning
between the eNe charge qubit and magnon system,
Aym = wq — @y, for which the system can still fulfill
high-speed and high-fidelity single magnon detection.
Achieving this requires large yqn, related to Ay,
by [65,71]

ﬂ (5)
Aq—m(Aq—m + a)

where /27 = 1 GHz [50] is the anharmonicity of the eNe
charge qubit and g, is the magnon-qubit coupling
strength mediated by the CSR. Since the magnon-qubit

Xgm =

interaction is mediated by the cavity photon and the two-
dimensional-CSR-based magnon-cavity coupling [51,72]
is much higher than the qubit-cavity coupling, the main
limitation of gy, for an eNe qubit is the qubit-cavity
coupling, with an anticipated improvement of up to
Jq-m/27 =43 MHz with high-impedance CSR design
[73]. From Eq. (5) we find that reaching y /27 > 5 MHz
and keeping 7; < 100 ns, is satisfied for [Ayn|/27 <
185 MHz. Assuming that w, for different qubits must be
well separated by, e.g., 5 2yqm/27 = 50 MHz to avoid
crosstalk sets the multiplexing number of qubits per CPW
line to seven, with only two coaxial lines needed. This
shows the capability of detector multiplexing and being
able to integrate more than one detector per coax line. Note
that the small magnon-qubit detuning may affect the qubit
readout fidelity and potentially the dark count rate of the
detector. Future improvement can be done by further
decreasing the qubit readout pulse width, which requires
careful microwave engineering and quantum-limit para-
metric amplifier to further suppress the noise [66—68]; see
the Appendixes for more discussion. Another advantage of
this architecture is the negligible dipolar inter-qubit cross-
talk, compared with transmon qubits, due to the much
smaller dipole moment of the trapped single electrons. With
state-of-the-art dilution refrigerators hosting more than
1000 coax lines [74], Ny = 3500 individual tiles can be
operated following the architecture in Fig. 1. For even
larger Ny, the main limitation in increasing N, comes
from circuit-level scaling challenges [75], and we assume
N, = 10* for the optimistic magnonic observations of
spin-dependent  axion-like interactions (MOSAIC)
configuration.

IV. DETECTOR SENSITIVITY

Our detector concept has many attractive properties
including single magnon sensitivity of a substantial target
volume across a range of frequencies. We now consider the
sensitivity of the MOSAIC detector shown in Fig. 1, to the
axion-induced signal discussed before Eq. (2). We limit our
analysis to axion masses (frequencies) in the range
200 MHz < m, /27 < 40 GHz; the smaller frequency cor-
responds to when the thermal magnon population is
significant (m, ~ T), and the larger frequency corresponds
to the operating limit of the microwave electronics. We
assume an array of N, magnon-qubit detectors running in
parallel over an observation time of T, with a detector
cycle time Az, and a magnon creation probability of p,,. If
only one mode at frequency w,, = m, is interrogated, then
over the observation time the number of observations is
Nops = Tops/At. The expected number of signal magnons
is  then Nsig = NiNops X P = NNops X (RmYIGTm)’
where R is the magnon excitation rate in Eq. (2).
Magnon and qubit frequency tunability provides an ideal
method for removing systematic uncertainties. By compar-
ing the number of events in modes nearby in frequency,
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backgrounds (e.g., fluctuations in operating temperature)
can be modeled. In the limit backgrounds can be under-
stood, the SNR is given statistically as SNR = N, /+/Nyc.,
where Ny, is the number of dark counts [76,77].

The number of dark, or background, counts is
Nge = NyNgps X Paes Where py. is the probability of a
dark count from a single tile. We expect the two
main sources of dark counts are from a thermal
population of magnons, and qubit readout error.
Therefore we parametrize the dark count probability as,
Pac = max{pyc, exp (—m,/T)}. With this parametrization
of the dark counts we can understand the sensitivity
parametrically to g,, as

1078 1727 2 (160
Yae ~ NS4 e Pac —4 ' ® ’ (6)
GeV myg 3x10 Tm

where we have assumed 7, = 1 yr, Az =300 ns, and
normalized p. to the optimistic value of pg4.. The projected
sensitivity to the axion-electron coupling versus axion mass
is shown in Fig. 2 for the conservative configuration
(orange line, labeled “Conservative”), and optimistic con-
figuration i.e., heavier YIG spheres, lower dark count
probabilities, and further multiplexing (red line, labeled
“Optimistic”). The gray line, labeled “Thermal”, shows the
sensitivity of the optimistic detector in the limit only
thermal backgrounds contribute (pg. =0). For m, 2
30 peV the number of thermal magnons becomes negli-
gible and the detector can operate in the background-free
limit. In the background-free limit we derive the sensitivity
by requiring that Ng, > 3, which corresponds to the
95% CL exclusion region if no events are observed.
Note that these lines show the sensitivity that can be
achieved at any given m, if the total observation time is
spent at @, = m,.

To search for a range of axion masses the observation
time must be split between each signal linewidth. Since the
magnon linewidth is larger than the axion linewidth,
Ya ~my/Q, ~kHz(m,/ueV), where Q, ~ 10% is the axion
quality factor [3], the number of scan steps is determined
by 7. While the magnon frequency is easily tunable with
the external magnetic field, the range of axion masses
which can be scanned is limited by the in-situ dynamic
range of the qubit, Aw,. To search for all axion masses in
the range Awq, Awg/ym = 10° scan steps must be per-
formed. This limits the observation time at each step to
tobs X Tops¥m/ Awy, and reduces the sensitivity relative to
the solid lines in Fig. 2. We refer to the sensitivity that can
be achieved while searching over a range of axion masses
as the “scanning sensitivity.” To illustrate the scanning
sensitivity (the shaded red region in Fig. 2) we focus on the
10 GHz S w/2x < 11 GHz frequency range. In one year
of observation time all of the parameter space in the shaded
region can be excluded.

w/2m [GHz]
10t 10 10° 108

10 ' Flower et at.é ‘g ' '

10-° g2

10 Srﬂlm %
T> 1079 XENONIT ]
quv 107 Ewp Optimistic
710_10:’13(7 ”””””””””””””””””””””””””
1071 -

10_12 Thermal

10_137 \\\M/

00 1 10 100 100 10
mq [peV]

FIG. 2. Projected sensitivity to the axion-electron coupling g,,,
Eq. (1), with a detector (Fig. 1) operating at a temperature of
T=10mK for Ty, =1 yr. The orange line assumes the
conservative detector parameters, with component performance
that has been demonstrated in the quantum magnonics commu-
nity, and the red line assumes a setup with the optimistic detector
parameters. The shaded red region is the scanning sensitivity with
the optimistic detector parameters; with one year of observation
the entire shaded region can be excluded. The gray line
(“Thermal”) is the projected sensitivity if only thermal back-
grounds contribute. Shaded gray regions are bounds from stellar
cooling in the Sun [34] and white dwarfs (WDs) [35], and from
the XENONNT experiment [37]. The dashed gray line is from
cooling of red giant (RG) stars [36]; however, the robustness of
these bounds has been questioned [78]. Existing bounds from
QUAX [43,44] and Ref. [79] (“Flower et al.*) are shown in blue.
The gold shaded region (“QCD Axions”) is the part of parameter
space where the axion can also solve the strong CP problem [80],
and dark gold regions correspond to the specific Dine, Fischler,
Srednicki, Zhitnitsky (DFSZ) and Kim, Shifman, Vainshtein, and
Zakharov (KSVZ) models [32].

Lastly, we compare the sensitivity of an individual tile to
the SQL limited, linear amplification based detector used
by the QUAX Collaboration [43,44]. The SNR for readout
by linear amplification in a system at noise temperature 7,
is given by the Dicke radiometer equation [81],
SNR = (P,/T,)\/Tops/Av, where Py = m,Rmyg is the
signal power and Av = @/ (27Q,,) is the bandwidth. At the
SQL, T, is limited to m, [82], and therefore the SNR is
limited to SNRgq = myigR+/272Q,T o5/ m,. Comparing
this SQL limited SNR to the one derived previously

we find
SNR 100N\ / m, \z ™)
SNRSQL Pdc 10 HGV
for 7, =160 ns and Az = 300 ns. Therefore for m,=

10 peV, if pg. <107 can be achieved the sensitivity of
each MOSAIC tile can surpasses the SQL.
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V. CONCLUSIONS

This paper presents the concept for a magnonic quantum
sensor array (Fig. 1) which can be scaled to exposures
necessary to search new parameter space for electron spin-
coupled axion DM. This approach complements broader
axion searches via the photon-coupling, and builds upon
demonstrated techniques in quantum magnonics. The
detector is composed of many tiles, each coupling a
YIG sphere (magnon system) to an eNe qubit via a coplanar
superconducting resonator. Quantum nondemolition mea-
surements are used to measure the magnon population
produced in each tile. The magnetic field resilience of the
eNe charge qubit permits compact wafer integration of
individual tiles, and allows the system to be scaled. We
have shown that a detector built in the conservative
configuration with currently available quantum magnonics
components could achieve superior sensitivity compared to
existing ferromagnetic haloscopes, and an optimistic
configuration could probe new parameter space below
stellar cooling bounds. Furthermore the forecasted back-
ground-free sensitivity for the optimistic configuration
could test the theoretically well-motivated QCD axion
models.

Our analysis highlights the opportunities for improve-
ment and fundamental limitations of this array-scalable
single magnon counting detector design. For m, < 30 peV
the sensitivity is limited by the thermal magnon back-
ground when operating at 7 = 10 mK. For 30 peV < m,
the achievable sensitivity could be improved in a variety of
ways. For example, if multiple YIG spheres can be
coherently read out with a single qubit, this would
effectively increase my;g, which is more favorable than
just increasing the numbers of tiles [Eq. (6)]. Additionally,
improvements to the dark count probability, pg. (or
qubit gate fidelity) would also improve the sensitivity to
electron-coupled axion DM. While current magnon-based
devices are limited to py. = 3 x 107*, dark count proba-
bilities of pg. ~ 107 have been demonstrated in pumped
qubit photon sensors using 4-wave mixing [83]. If such an
approach could be used here, each tile could achieve
sensitivity beyond the SQL. Other quantum sensing tech-
niques offer further possibilities for reducing the dark count
rate (improving the qubit gate fidelity). For example, it has
been demonstrated that using multiple entangled qubits can
improve readout fidelity [84]. This principle indicates
that by coupling multiple entangled qubits to each
YIG sphere within our system, we may achieve a reduction
in pg.. Another potential direction would be to improve
gate fidelity by incorporating quantum error correction
[85-87]. Implementing these combined aforementioned
improvements could realize a detector sensitive
not only to QCD axion DM, but also to the broader class
of light DM scattering signals that generate single
magnons [55,88-90].

ACKNOWLEDGMENTS

We would like to thank Dany Lachance-Quirion for
discussion on the error rate calculation, and Asher Berlin
and Roni Harnik for helpful discussions. This work was
supported by Quantum Information Science Enabled
Discovery 2.0 (QuantISED 2.0) for High Energy Physics
(DE-FOA-0003354), with work at Argonne National
Laboratory supported by the U.S. Department of Energy
under Contract No. DE-AC02-06CH11357. This manu-
script has been authored by FermiForward Discovery
Group, LLC under Contract No. 89243024CSC000002
with the U.S. Department of Energy, Office of Science,
Office of High Energy Physics. Y.L. and V. N. acknowl-
edge support by the U.S. Department of Energy, Office of
Science, Basic Energy Sciences, Materials Sciences and
Engineering Division under Contract No. DE-SC0022060.
D.J. acknowledges support by the Department of Energy
(DOE) under Award No. DE-SC0025542 for research effort
on solid neon and the Air Force Office of Scientific
Research (AFOSR) under Award No. FA9550-23-1-0636
for research effort on charge qubits.

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available upon publication because it is not
technically feasible and/or the cost of preparing, depositing,
and hosting the data would be prohibitive within the terms
of this research project. The data are available from the
authors upon reasonable request.

APPENDIX A: DEMONSTRATION OF STRONG
MAGNON-PHOTON COUPLING IN A PLANAR
YIG-SPHERE SUPERCONDUCTING RESONATOR
HYBRID CIRCUIT

One advantage of an on-chip magnon quantum detection
schematic over the previous demonstration in a three-
dimensional cavity is the capability of achieving much
stronger magnon-photon coupling (g,,_ ;) and thus a higher
potential of magnon-qubit coupling (g, ~ #=1"=",

q—m

where g,_,;, is the qubit-resonator coupling strength),
dispersive magnon-qubit shift (y,_,,), and qubit operational
bandwidth. Here we show an example of strong magnon-
photon coupling in a coplanar YIG sphere-superconducting
resonator hybrid circuit. The design schematic follows a
previous report of an on-chip YIG-sphere superconducting
hybrid magnonic circuit [51]. By embedding a
500-pm-diameter single-crystal YIG sphere to the super-
conducting resonator with a circular antenna of
similar diameter (800 um) as shown in Fig. 3(a), a
clear mode anticrossing with a magnon-photon coupling
strength of g,,_,,/27 =360 MHz can be achieved
[Fig. 3(b)].
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FIG. 3. (a) Optical microscope image of a planar superconduct-
ing resonator in coupling with a chip-embedded YIG sphere.
(b) Mode anticrossing with strong magnon-photon coupling up to
360 MHz.

To increase the YIG sphere target mass, the resonator can
be designed with a larger circular antenna. In our sensitivity
estimate, the conservative configuration uses a diameter of
dyig = 1 mm (my;g = 2.7 mg), which can be easily
achieved be doubling the diameter of the YIG sphere
and circular antenna in Fig. 3(b) and reduce the longi-
tudinal part of the resonator to balance the frequency. For
the optimistic configuration where dy;g = 10 mm
(myig = 2.7 g), we assume a ring resonator with the
perimeter equal to the perimeter of the YIG sphere, and

equal to half of the wavelength (4,/2) for the resonator
mode. This will lead to A, = 2zdy;g = 31.4 mm and a
resonant frequency of c¢/A, = 4.8 GHz, which is used in
the main text. Nevertheless, we note that the optimistic
configuration is an aggressive estimate, and need to adopt
careful impedance engineering and design optimization to
be realistically achieved.

APPENDIX B: IMPACT OF MAGNON-QUBIT
FREQUENCY DETUNING ON DARK COUNT
RATE

In our proposed detection process, the small magnon-
qubit frequency detuning (A,_,) will suppress the qubit
coherence time (7;), which may affect the qubit readout
fidelity and eventually the dark count rate of axion
detection. As an estimate, ignoring the qubit damping rate,
the damping rate of qubit-magnon hybrid mode will drop to
10% of magnon damping when A,_, ~2.8g,_,,, corre-
sponding to a 7y of ~2 ps. Increasing the detuning will
improve T, and decreasing the detuning will further
suppress T'.

Nevertheless, we note that the qubit readout fidelity can
be improved by using a short qubit readout pulse. For
example, in Ref. [66], a single-shot qubit readout fidelity of
99.2% has been reported for an 88 ns readout pulse, where
a large dispersive qubit-resonator coupling of y/2z =
—7.9 MHz and a short qubit 7 of 7.6 ps are used. In
Ref. [67], a single-shot qubit readout fidelity of 97.4% has
been reported for a 50 ns readout pulse, with a 2y /27 =
—9 MHz and a T of 3.3 ps. In our proposal estimate, we
used a single-shot qubit readout fidelity of 98.1%, a
x/2x =5 MHz along with a 100 ns readout time, which
are rather comparable with the reported values. The best
solution of improving the readout fidelity is to further
decrease the readout pulse width, which can be achieved by
using a quantum-limit parametric amplifier.
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